Introduction {#s0001}
============

Diabetes mellitus is one kind of metabolic syndromes characterized by chronic hyperglycemia (Atkinson & Maclaren [@CIT0002]; Ismail-Beigi [@CIT0010]). Diabetes cases fall into two broad pathogenetic categories: type I and type II diabetes mellitus (T1DM and T2DM) (Tan & Cheah [@CIT0029]; Hu [@CIT0009]). T2DM, which is previously referred to as noninsulin-dependent diabetes mellitus, accounts for approximately 90% of the diabetes patients (Al-Amer et al. [@CIT0001]; Tangvarasittichai [@CIT0030]). One of the significant features of diabetes mellitus is lipid metabolism malfunction, which results in hyperlipidemia (Moest et al. [@CIT0021]). In the current clinical treatment, western medicines are extensively used to control hyperglycaemia, hyperlipidaemia and insulin resistance of type 2 diabetes mellitus, such as sulfonylurea, biguanides, thiazolidinediones and glycosidase inhibitors (Shankar et al. [@CIT0027]). However, the clinical efficacy of these drugs in T2DM treatment is limited and these drugs are very expensive.

Berberine is a pharmacological component isolated form *Rhizoma coptidis* \[*Coptis chinensis* Franch. (Ranunculaceae)\], which possesses a variety of activities, such as antitumour, anti-inflammatory, anti-atherosclerosis and treating infectious diarrhoea (Lao-ong et al. [@CIT0012]; Liu et al. [@CIT0016]; Orvos et al. [@CIT0024]; Park et al. [@CIT0025]; Li et al. [@CIT0015]). Recent studies show that berberine can be used for controlling arrhythmia, lowering blood lipid, lowering blood pressure and reducing blood sugar in clinical studies (Lei et al. [@CIT0013]; Ortiz et al. [@CIT0023]; Chang et al. [@CIT0004]). Furthermore, it can effectively promote the islet cells regeneration and contribute to islet function recovery (Liu et al. [@CIT0017]). Therefore, berberine is widely used for diabetes, hyperlipidaemia and hypertension treatment (Wu et al. [@CIT0031]). Animal experiments have proved that berberine is able to inhibit hepatic gluconeogenesis, so as to improve fasting blood sugar levels in diabetic mice without dependence on insulin levels (Zhang et al. [@CIT0033]; Ren et al. [@CIT0026]; Jiang et al. [@CIT0011]).

Only the pharmacokinetics of berberine has been reported among healthy animals, while little attention is paid to the pharmacokinetics of berberine in T2DM animals (Chen et al. [@CIT0006]; Li et al. [@CIT0014]; Liu et al. [@CIT0018]). It is well-known that patients are ultimate consumers of drugs. Therefore, it is necessary and important to study the pharmacokinetics of drugs in the pathological state. In the present study, T2DM model rats were induced by high fat diet and low-dose streptozotocin (STZ). In the next step, the pharmacokinetics of berberine was compared in normal rats and T2DM model rats by adopting a sensitive and reliable LC-MS/MS method.

Materials and methods {#s0002}
=====================

Chemicals and reagents {#s0003}
----------------------

Berberine hydrochloride (purity \>97%) and hydrocortisone were obtained from the national institute for the control of pharmaceutical and biological products (Beijing, China). Acetonitrile was purchased from Fisher Scientific (Fair Lawn, NJ). Streptozotocin was purchased from Sigma Chemical Co. (St. Louis, MO). Formic acid was purchased from Anaqua Chemicals Supply Inc. Limited (Houston, TX). Ultrapure water was prepared with a Milli-Q water purification system (Millipore, Billerica, MA). All other chemicals were of analytical grade or better.

Animals and diets {#s0004}
-----------------

Male Sprague-Dawley (SD) rats weighing 220--250 g were provided by the experimental animal centre of the Weifang Medical College (Weifang, China). Rats were bred in a breeding room at 25 °C, 60 ± 5% humidity and a 12 h dark--light cycle. Tap water and normal chow were given *ad libitum*. All the experimental animals were housed under the above conditions for a 5-day acclimation, and were fasted overnight before the experiments.

The conventional diet and the high fat diet (HFD) were provided by the laboratory animal centre of Weifang Medical College. The conventional diet contains 41.47% carbohydrate, 14.42% fat and 21.06% protein. The HFD contains 10% lard, 20% sucrose, 1% choline chloride, 2.5% cholesterol and 66.5% conventional diet.

Establishment of T2DM model rats {#s0005}
--------------------------------

After adaptive feeding for one week, the rats were divided into two groups of six rats in each group as follows: group 1, normal control rats; group 2, T2DM model rats. T2DM model rats were established as previously reported (Sun et al. [@CIT0028]; Zhai et al. [@CIT0032]). The rats of normal control group were fed with conventional diet. Rats of group 2 were fed with HFD. After four weeks, the rats of group 2 were injected intraperitoneally with low dose (30 mg/kg) of STZ which was prepared in sterile citrate buffer (w/v: 2%). Six rats of the normal control group were injected intraperitoneally with the same volume of sterile citrate buffer. After 72 h, the peripheral blood glucose level in tails of rats was detected by the Precision Xtra blood glucose monitoring system (Alameda, CA). The model was successfully established if the blood glucose of the rats was over 16.7 mmol/L and polyuria and polydipsia appeared in these rats. After the levels of blood glucose stably were maintained for one week, the blood glucose and serum insulin concentrations of the rats in each group were determined.

Instrumentation and conditions {#s0006}
------------------------------

The analysis was performed on an Agilent 1290 series liquid chromatography system (Agilent Technologies, Palo Alto, CA), and an Agilent 6460 triple-quadruple mass spectrometer (Agilent Technologies, CA) with Turbo Ion spray. The chromatographic separation of berberine was performed on Waters X-Bridge C18 column (3.0 × 100 mm, i.d.; 3.5 μm) at room temperature. The mobile phase was water (containing 0.1% formic acid) and acetonitrile (40:60, v: v) at a flow rate of 0.4 mL/min.

The mass scan mode was positive MRM mode. The precursor ion and product ion are *m/z* 336.2 → 320.2 for berberine and *m/z* 363.5 → 121.0 for IS, respectively. The collision energy for berberine and IS were 30 and 25 ev, respectively. The MS/MS conditions were optimized as follows: fragmentor, 140 V; capillary voltage, 4 kV; Nozzle voltage, 500 V; nebulizer gas pressure (N~2~), 40 psig; drying gas flow (N~2~), 10 L/min; gas temperature, 350 °C; sheath gas temperature, 400 °C; sheath gas flow, 11 L/min.

Pharmacokinetic study {#s0007}
---------------------

The animal facilities and protocols were approved by the Institutional Animal Care and Use Committee. All procedures were in accordance with the national institute of health guidelines regarding the principles of animal care. After the levels of blood glucose stably were maintained for one week, then the rats were fasted for 12 h with free access to water prior to the pharmacokinetic study. Berberine was dissolved in oral suspension and orally administered to rats at a dose of 20 mg/kg. Blood samples (200 μL) were collected into a heparinized tube via the oculi chorioideae vein at 0.083, 0.167, 0.33, 0.5, 1, 2, 4, 6, 8, 12 and 24 h, respectively. After centrifugation at 4000 rpm for 5 min, plasma samples were obtained and frozen at −40 °C until analysis.

Plasma sample preparation {#s0008}
-------------------------

The plasma (100 μL) was spiked with 10 μL of IS (100 ng/mL), and then the mixture was extracted with 190 μL of acetonitrile by vortex for 1 min. After centrifugation (15,000 rpm) for 10 min, the supernatant was injected into the LC-MS/MS system for quantitative analysis.

Preparation of standard and quality control samples {#s0009}
---------------------------------------------------

A stock solution of berberine was prepared in acetonitrile at a concentration of 2 mg/mL. The stock solution of IS was prepared in acetonitrile at a concentration of 100 ng/mL. Calibration standard samples for berberine were prepared in blank rat plasma at concentrations of 1, 2, 5, 10, 20, 50 and 100 ng/mL. The quality control (QC) samples were prepared at low (2 ng/mL), medium (10 ng/mL) and high (75 ng/mL) concentrations in the same way as the plasma samples for calibration, and QC samples were stored at −40 °C until analysis.

Method validation {#s0010}
-----------------

The method validation assay was performed according to the United States Food and Drug Administration (FDA) guidelines. Selectivity was investigated by comparing the chromatograms of six different batches of blank rat plasma with the corresponding spiked plasma to monitor interference of endogenous substances and metabolites. To obtain the calibration curve, seven concentrations of the calibration standard were processed and determined as described above. The linearity of calibration curves was constructed by plotting peak area ratios (*y*) of the analytes to IS against the nominal concentration (*x*) of analytes with weighted (1/*x*^2^) least square linear regression. The lower limit of detection (LLOD) and lower limit of quantification (LLOQ) were determined as the concentration of the analyte with a signal-to-noise ratio at 3 and 10, respectively. The intra-day precision and accuracy of the method were confirmed by determining QC samples at three different concentrations five times on a single day, and the inter-day precision and accuracy were assessed by determining the QC samples over three consecutive days. For each concentration, five replicates were prepared. Relative standard deviation (RSD) and relative error (RE) were used to express the precision and accuracy, respectively.

The extraction recovery was assessed by comparing peak areas obtained from extracted spiked samples with those originally spiked in the blank plasma samples. The matrix effect was evaluated by comparing the peak areas of the post-extracted spiked QC samples with those of corresponding standard solutions. These procedures were repeated for five replicates at three QC concentration levels. For sample stability, three levels of QC samples were determined under different conditions, including short-term stability at room temperature for 24 h, long-term stability at −40 °C for 30 days, and three freeze-thaw cycles at −40 °C.

Pharmacokinetic data analysis {#s0011}
-----------------------------

The pharmacokinetic parameters, including area under the plasma concentration--time curve (*AUC*), maximal plasma concentration (*C*~max~), the time for maximal plasma concentration (*T*~max~) and mean residence time (*MRT*) were calculated using DAS 3.0 pharmacokinetic software (Chinese Pharmacological Association, Anhui, China).

Data analysis {#s0012}
-------------

The statistical difference was calculated using an unpaired *t*-test with a two-tailed distribution for comparison of two mean values. A *p* value \<0.05 was considered statistically significant.

Results and discussion {#s0013}
======================

Establishment of T2DM model rats {#s0014}
--------------------------------

After STZ injection for 72 h, the average blood glucose concentration of rats in T2DM model group reached 16.95 mmoL/L. Subsequently, blood glucose levels were stably maintained for one week. The blood glucose and serum insulin concentrations of the rats are shown in [Table 1](#t0001){ref-type="table"}. In T2DM model group, the blood glucose concentration of rats was significantly higher, while serum insulin concentration was much lower when compared with the control group, which indicated that the rats suffered from T2DM induced by STZ. In addition, the apathetic state and behaviours of polyuria and polydipsia appeared in T2DM model group. Therefore, T2DM model rats were successfully established.

###### 

The blood glucose and serum insulin concentrations of the rats after the blood glucose levels were stably maintained for one week.

  Group                    Normal group   T2DM model group
  ------------------------ -------------- ---------------------------------------------
  Blood glucose (mmol/L)   4.38 ± 0.97    16.95 ± 2.42[\*](#TF1){ref-type="table-fn"}
  Serum insulin (mIU/L)    16.54 ± 1.15   12.21 ± 1.87[\*](#TF1){ref-type="table-fn"}

*p* \< 0.05, compared with normal group.

Sample preparation {#s0015}
------------------

Due to the heterogeneous nature of plasma, a sample pretreatment procedure is often needed to remove protein and potential interferences before LC-MS/MS analysis. Currently, the most widely used biological sample preparation methods are protein precipitation, solid phase extraction and liquid--liquid extraction. All the sample pretreatment methods were investigated to achieve good resolution and high recovery of analyte from spiked biologic matrices. Finally, protein precipitation was selected for berberine. The highest recovery was obtained using acetonitrile as a protein precipitant.

Chromatography and mass spectrometry {#s0016}
------------------------------------

A reliable and sensitive method to determine the concentration of berberine had been established in this research. This newly established method enabled us to determine the concentration of berberine *in vivo* after oral administration of berberine. As shown in [Figure 1](#F0001){ref-type="fig"}, the optimized mass transition ion-pairs for quantification, including precursor and product ions, were *m/z* 336.2 → 320.2 for berberine and *m/z* 363.5 → 121.0 for IS, respectively. Blank plasma, plasma spiked with berberine and hydrocortisone are shown in [Figure 2](#F0002){ref-type="fig"}. No significant interference substances were observed at the retention time of berberine in plasma samples.

![The mass spectra of (a) berberine (b) and IS.](IPHB_A_1255649_F0001_C){#F0001}

![Chromatograms of (a) blank plasma, and (b) plasma spiked with berberine and IS. B1: Berberine; B2: IS.](IPHB_A_1255649_F0002_C){#F0002}

Method validation {#s0017}
-----------------

The standard curve for berberine in plasma was linear in the concentration range of 1--100 ng/mL with correlation coefficient values \>0.998. The LLOQ and LLOD were 1 and 0.35 ng/mL, respectively.

Intra-day and inter-day precision and accuracy were determined by measuring six replicates of QC samples at three concentration levels in rat plasma. The intra-day and inter-day precision and accuracy data are shown in [Table 2](#t0002){ref-type="table"}. These results demonstrated that the precision and accuracy values were well within an acceptable range of 15%.

###### 

The intra-day and inter-day precision and accuracy of berberine in plasma samples.

                   Intra-day   Inter-day                          
  ----------- ---- ----------- ----------- ------- ------- ------ ------
  Berberine   2    1.85        4.58        −7.50   2.17    5.64   8.50
              10   10.64       3.24        6.40    9.67    7.56   6.70
              50   46.68       6.55        −6.64   53.64   8.27   7.28

The mean extraction recoveries determined using three replicates of QC samples at three concentration levels in rat plasma were 87.6 ± 4.9, 92.3 ± 5.4 and 89.6 ± 6.5% for 2, 10 and 50 ng/mL, respectively.

For ionization, the peak areas of berberine after spiking evaporated plasma samples at three concentration levels were comparable to those of similarly prepared aqueous standard solutions (ranging from 92.5 to 106.7%), suggesting that there was no measurable matrix effect that interfered with berberine determination in rat plasma.

The stability of berberine in plasma was evaluated by analyzing three replicates of quality control samples containing 2, 10 and 75 ng/mL berberine after short-term storage (25 °C, 24 h), long-term cold storage (−40 °C, 30 days) and within three freeze (−40 °C)-thaw (room temperature) cycles. As shown in [Table 3](#t0003){ref-type="table"}, all the samples displayed 90--110% recoveries after various stability tests. Taken together, the above results show that a sensitive and reliable method for analyzing berberine in rat plasma has been developed and validated and can be used to investigate the pharmacokinetics of berberine in normal and T2DM model rats.

###### 

Stability of berberine in plasma samples (*n* = 3).

                   Stability (%, RE)           
  ----------- ---- ------------------- ------- -------
  Berberine   2    6.42                −5.22   7.62
              10   8.94                6.84    −5.84
              50   8.56                −9.35   7.55

Pharmacokinetic study {#s0018}
---------------------

The validated analytical method was employed to study the pharmacokinetic behaviours of berberine in normal and T2DM model rats. The mean plasma concentration--time curves of berberine after oral administration of berberine are shown in [Figure 3](#F0003){ref-type="fig"}.

![The pharmacokinetic profiles of berberine in rats after oral administration of berberine in normal group and T2DM model group.](IPHB_A_1255649_F0003_C){#F0003}

The pharmacokinetic parameters were calculated using the non-compartmental method with DAS 3.0 pharmacokinetic software (Chinese Pharmacological Association, Anhui, China). The pharmacokinetic parameters are shown in [Table 4](#t0004){ref-type="table"}.

###### 

Pharmacokinetic parameters of berberine in rats after oral administration of berberine to normal rats and T2DM model rats (20 mg/kg; *n* = 6, Mean ± S.D.).

  Parameter                  Normal group       T2DM group
  -------------------------- ------------------ ------------------
  *T*~max~*(h)*              2.04 ± 0.16        2.24 ± 0.21
  *C*~max~*(μg/L)*           17.35 ± 3.24       34.41 ± 4.25
  **t*~*1/2*~*(h)**          3.95 ± 1.27        9.29 ± 2.75
  AUC *(*0*--t) (μg/h/L)*    151.21 ± 23.96     283.81 ± 53.92
  AUMC *(*0*--t) (μg/h/L)*   1067.21 ± 224.84   2097.21 ± 543.57
  CL *(L/h/kg)*              134.73 ± 32.15     62.55 ± 16.34
  MRT *(h)*                  6.94 ± 1.15        7.32 ± 1.47

The results showed that both in the normal control and T2DM model group, berberine was absorbed rapidly into the body at 30 min after oral administration of berberine hydrochloride. Moreover, it was noteworthy that in comparison to the normal group, the peak concentration, terminal half-life and the area under the plasma drug concentration--time curves of berberine were significantly increased in T2DM model group (17.35 ± 3.24 vs 34.41 ± 4.25 μg/L; 3.95 ± 1.27 vs 9.29 ± 2.75 h; 151.21 ± 23.96 vs 283.81 ± 53.92 μg/h/L, respectively) in comparison to the normal group. When compared with the normal group (134.73 ± 32.15 L/h/kg), the remarkable decrease of CL/F of berberine in T2DM model group (62.55 ± 16.34 L/h/kg) suggested that the elimination of berberine slowed down.

Insulin resistance, hyperglycaemia, impaired glucose tolerance, hyperlipidaemia, hypertension and even blood circulation decrease often occur in T2DM rats, which leads to the change of haemorrheological parameters (Aypak et al. [@CIT0003]; Franch-Nadal et al. [@CIT0007]; Oh et al. [@CIT0022]). As berberine is mainly absorbed in intestine and then distributed to different organs (Ma et al. [@CIT0020]), the change of haemorrheological parameters will affect the absorption in intestine and the distribution in different organs. Therefore, pharmacokinetic parameters of berberine will change in T2DM model rats. Many research articles have also demonstrated that the disease condition will influence the pharmacokinetic parameters of the compounds (Chen et al. [@CIT0005]; Liu et al. [@CIT0019]; Gong et al. [@CIT0008]). Thus, it suggested that berberine dosage should be modified in T2DM patients.

Conclusions {#s0019}
===========

In this study, the pharmacokinetics of berberine in normal and T2DM model rats were investigated using a sensitive and reliable LC-MS/MS method. There were statistically significant differences in pharmacokinetic parameters of berberine including the *C*~max~, *t*~1/2~, AUC~(0--~*~t~*~)~, AUC~0--~*~t~* and CL/*F* between the normal and T2DM model rats after oral administration with berberine hydrochloride. The results indicated that the rate and extent of drug metabolism was altered in rats with T2DM, which suggested us that the dosage of berberine should be modified in T2DM patients.
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